Triple junction InGaP/GaAs/Ge solar cells are highly current mismatched due to the excess current generating capability of the germanium subcell. This severe current mismatch invites new approaches for increasing performance beyond that of current triple junctions.
Presented here are two approaches for improving the efficiency of Ill-V multi-junctions beyond that of current triple junction technology. Both of these approaches involve the use of thin epitaxial germanium and do not require the development of new -1 eV photovoltaic materials. The theoretical AM0 efficiency is over 30%. Modeling suggests the potential for over 1.5% absolute efficiency gain with respect to current InGaP/GaAs/Ge triple junction solar cells. current mismatch situation. Two such opportunities will be presented in this paper.
Both approaches for higher efficiency as presented here require the growth of epitaxial Ge layers. With MOCVD as the presently preferred growth method, this presents potential difficulties due to the'contamination and memory effects associated with growing a group IV material and group Ill-V materials in the same reactor. The scope of this paper is not to suggest that this problem can and should be overcome, but rather to present the results of a modeling study that establishes what efficiency gains are possible and what the design requirements are. This information can then be used to more effectively evaluate the feasibility of either of these approaches in production.
DEVICE STRUCTURES INTRODUCTION
The state-of-the-art solar cell for high efficiency, high value applications such as space power is the triple junction solar cell based on the monolithic series interconnection of InGaP, GaAs, and Ge subcells. Germanium is suitable as a substrate material for these devices due to near lattice match with GaAs and favorable mechanical properties. However, the 0.66 eV bandgap of Ge is far from the -1.1 eV that is ideal when series connected with InGaP and GaAs under the AM0 spectrum. The result is an extreme current mismatch and large amount of unusable sunlight absorbed by the Ge subcell. Table 1 compares the maximum achievable short circuit current (Jsc) of the three subcells in a triple junction for the limiting case of infinite subcell thickness. Table 1 suggests that there is opportunity for significant efficiency gains by exploiting this extreme Approach 1 is shown schematically in Figure 1 b and involves adding a second Ge subcell to the InGaP/GaAs/Ge multi-junction such that absorption of the near infrared spectrum is divided between two Ge subcells rather than one. The resulting four junction InGaP/GaAs/Ge/Ge device benefits from an increased open circuit voltage as contributed by the second Ge subcell. Figure IC and improves the performance of current triple junction technology by thinning the active layer of the Ge subcell. The Ge subcell in present InGaP/GaAs/Ge triple junctions is uniquely suited to exploiting the well-known trade-off between VOC and Jsc that occurs with a decrease in the subcell thickness. The result is a triple junction with improved open circuit voltage resulting from the improved Ge subcell VOC. Figure 2 suggests that approximately 37 mA/cm' of photocurrent is available to the Ge subcell for a typically used substrate thickness of 140 pm. This implies that dividing this current between two Ge subcells can result in as much as 18.5 mNcm' of photocurrent and is sufficient so as not to current limit the multi-junction, assuming a target device Jsc of 17 mA/cm'.
MODELING RESULTS

Approach
Assumptions made in the model elucidate several design and performance requirements.
First, the collection efficiency for both Ge subcells must be reasonably close to unity. This requires adequate surface passivation, sufficient minority carrier diffusion lengths, and good control of layer interdiffusion and auto-doping such that sufficient emitter and junction quality is maintained. As reported elsewhere, the Ge subcell collection efficiency in current triple junctions is limited by emitter recombination due to poor control of interdiffusion during the growth process [6] . It is also unclear whether the Ge subcell emitter surface is well passivated at present. Second, device reflectance must be better controlled for wavelengths out to approximately 1.8 pm.
Addressing these performance losses has not been of paramount importance for current triple junction technology due to the excess current generating capability of the Ge subcell. However, these issues must be resolved for approach 1 to be feasible. These design requirements are not unique to approach1 ; they must also be addressed for the 2.0/1.4/1.0/0.7 eV four junction approach, or any technology that requires near unity quantum efficiency from a Ge subcell.
Additional, more refined modeling has been conducted to determine the epitaxial Ge (subcell 3) thickness that would be required to divide the photocurrent equally between the epitaxial Ge and the substrate Ge subcells. The results of that modeling are shown in Figure 3 . Achievable Jsc for both Ge subcells as a function Figure 3 was generated using analytical modeling to calculate the achievable Jsc of each of the Ge subcells as a function of the thickness of the epitaxial Ge subcell base region thickness. An n/p configuration and 3.0 pm GaAs filter were assumed.
High efficiency emitters with thicknesses of 0.1 pm were assumed for both subcells. Auger recombination coefficients from Karpova et al. were used to model recombination in the emitter [7] . Mobility models were adapted from Prince [8] and Tyler et al. [9] . Moderate surface recombination velocities of 5x1 O3 cm/s were used for all surfaces except the back surface of subcell 4, where a recombination velocity of 1x10' cm/s was used to simulate the poor surface passivation expected at a planar ohmic back contact. A uniform front reflectance of 5% was assumed. Minority carrier lifetimes of 5 ps were used for the base region of both Ge subcells.
Parameter fitting (using PC1 D [IO]) of experimentally measured internal quantum efficiency data from triple junction cells was used to determine the appropriate minority carrier lifetime for use in this modeling. The triple junction cells used in the parameter fit were irradiated with IxlOi5 cm" of lMeV electrons. This lifetime represents a reasonable lower limit for epitaxial Ge material at end-oflife. Hole lifetimes of 0.45 p have been reported for ntype -1 x10i8 ~m '~ doped Ge grown on GaAs [5] . Lifetime models from Karpova et al. [7] suggest that this lifetime is Auger limited, and therefore that lifetimes near 5 p are plausible at lower doping levels. Figure 3 suggests that an approximately 0.6 pm thick epitaxial Ge subcell is optimum for dividing the available photocurrent equally between both Ge subcells. Figure 3 also suggests that achieving 16.8 mAlcm2 from both Ge subcells is achievable with reasonably good material quality and surface passivation.
The theoretical efficiency of approach 1 is compared to that of current triple junction technology in Table 2 . Theoretical data was generated using modeling approaches similar to that of Fan et al. [I I] and Nell et al.
[12], and using a dark current model given by Green [13]. A theoretical efficiency of over 30% is predicted for approach 1. A practical comparison of approach 1 versus current triple junction technology is also shown in Table 2 and is identified as "modeled" data. Analytical models were used to generate current-voltage characteristics for each subcell. The resulting multi-junction electrical output parameters were then determined numerically. The Ge subcell model used to generate Figure 3 was also used here, along with triple junction current-voltage characteristics typical of production devices. Results suggest that a 1.5 absolute percent efficiency gain can be expected, resulting from a 210 mV addition to the VOC.
The expected efficiency gain offered by approach 1 depends primarily on the VOC contributed by the additional Ge subcell. The 210 mV gain assumed in the previous analysis is typical of current Ge subcell technology. However, this does not preclude significant future advances in Ge subcell VOC resulting from further subcell design improvements. Figure 4 shows the expected absolute efficiency gain that can be expected with approach 1 as a function of the epitaxial Ge subcell VOC. g 1.8 - The efficiency gain expected from approach I as Fig. 4 a function of the epitaxial Ge subcell VOC.
Approach 2
A fundamental trade-off in solar cell design is the cell thickness. In cases where back surface passivation is adequate, decreasing the cell thickness results in an increased open circuit voltage at the expense of a decreased short circuit current density. The triple junction InGaP/GaAs/Ge solar cell shown in Figure IC represents a solar cell uniquely suited to overcome the fundamental Jsc versus VOC trade-off that is inherent in solar cell design. Decreasing the thickness of the Ge subcell has essentially no effect on the short circuit current of the multi-junction due to the large amount of excess photocurrent generated by the Ge subcell. Decreasing the thickness of the Ge subcell can therefore result in an increased subcell and multi-junction VOC without a tradeoff in device Jsc. Modeling presented in Figure 3 suggests that the Ge subcell can be as thin as 1 micron and not limit the current of the InGaP/GaAs/Ge triple junction, assuming a target device Jsc of 17 mA/cm2.
The voltage gain that can be expected via a decrease in the base region thickness is very sensitive to both the minority carrier lifetime and back surface recombination velocity. Additionally, subcell recombination must be base region limited. PClD has been used to model the expected gain in the Ge subcell VOC as a function of the base region thickness. The results are shown in Figure 5 . The n-type emitter region thickness and carrier concentration used were 0.1 pm and 1x10i8 ~m '~, respectively. Front surface recombination velocity was assumed zero. These parameters assure that device recombination is base region limited. Substrate thickness and carrier concentration were 140 pm and Ix10i8 ~m '~, respectively. A back surface recombination velocity of 1x10' cm/s was assumed to appropriately model a planar ohmic back contact. Effective surface passivation is achieved via the high-low junction formed between the substrate and epitaxial material. The carrier concentration of the latter was 5x10" ~m -~. A substrate carrier concentration of 1 x i 0'' cm-3 resulted in the most effective back surface field and therefore the greatest VOC gain with reduced thickness.
A bandgap narrowing model approximating that of Jain et al. was used for the p-type Ge [14] . Two different base lifetimes were modeled to cover the likely range of values for this parameter. A 5 ps electron lifetime represents a likely lower limit at end-oflife as discussed previously.
The modeling data from Figure 5 was then used to determine the efficiency gain expected from approach 2. The results of that comparison are shown in Table 3 
CONCLUSION
Two approaches for improving the performance of group Ill-V multi-junction solar cells have been presented. These approaches use epitaxial germanium structures to capitalize on the extreme current mismatch and excess current generating capability of the germanium subcell in present InGaP/GaAs/Ge solar cells. The theoretical AM0 efficiency is over 30%. Modeling results have been presented which suggest that an efficiency gain of at least 1.5% absolute is possible.
